This study used signal-to-noise ratios to assess the effects of increasing Itrax XRF instrument parameters, namely tube voltage, tube current and exposure time, on XRF spectra and measurement repeatability. Tests were performed on cores from British and Irish floodplains.
. Test sections in cores from the flooding study and the contamination study. The scale for each core gives the depth in mm below the top of the individual section (including the casing), rather than the total depth below the ground surface. Floodplain with palaeochannels Sediments: silts and clays, with high organic matter contents (up to 26% dry weight) C1 S1 500-700 C1 S1 700-800 C1 S1 850-1000 C1 S2 250-350 C2 S1 600-700 C2 S2 Cores for the flooding study were collected in metre sections in 50 mm diameter plastic tubes using a handheld percussion corer. Cores for the contamination study were collected with a hand auger and subsampled using 18 mm wide plastic u-channels in metre lengths.
XRF core scans were performed using the Itrax instrument at University College Dublin, which has a 100 m beam width, with a Mo anode X-ray tube. Samples were covered with 1.5 μm thick polyethylene film during scanning. Tests of the effects of varying tube voltage, current and exposure time on SNRs and of measurement repeatability were carried out on the sections shown in Table 1 and Figure 1 . Scanning intervals were 500 m for cores in the flooding study and 1 mm for the contamination study.
SNRs were calculated for each target element in each XRF spectrum using the method of Ernst et al. (2014) , which does not attempt to account for overlaps between peaks. In this method, the signal (S) is calculated as the total counts in detector channels within the peak range (TC) minus the XRF background (BG).
The XRF background is the mean of the mean pre-peak counts per channel (PP1) and mean post-peak counts per channel (PP2) multiplied by the number of channels within the peak range (C).
The noise (N) is the square root of the XRF background:
Further explanation and a worked example are given by Ernst et al. (2014) . This method was originally developed for XRF spectra from glass fragments, characterized by near-linear increases in background from low to high energies. Wet sediment produces spectra with a higher, non-linear background which increases to a maximum and then declines, potentially resulting in an over-or underestimation of SNRs. With the exception of the Zr peak, as a result of its proximity to the incoherent scatter peak, the effect is likely to be relatively minor because the curvature of the background beneath individual element peaks is low.
The channels (the energy range in keV) used for each element peak and for the pre-peak and post-peak background were determined by inspection of the sum of spectra for all test scans (Table 2) . For Zr, two post-peak background ranges were identified, because of the change in Exposure times of 10, 15, 20, 30, 60 and 120 seconds were tested in the flooding study, resulting in measurement times for a 100 mm section and a 500 m step size of c. 0.6, 0.9, 1.2, 1.7, 3.4 and 6.7 hours. The variable scan times resulted in substantial differences in the 
Signal-to-noise ratios
SNRs were greatest for Ti (>100) and K (>57) and least for Zr (<29) and Rb (<64) in the flooding study ( Figure 2 ). As tube voltage was increased from 30 kV to 50 kV, median SNRs were multiplied by factors of 0.57 (Si), 0.85 (K), 0.98 (Ti), 3.05 (Rb) and 1.85 (Zr) ( Table 3 ). with the exception of Zr. The change in SNRs with an increase in tube current from 30 mA to 50 mA is similar for the seven target elements measured using their K peaks, but for Pb, measured using its L peak, it is noticeably larger. c, CM C1 S1; d, CM C1 S2; e, CM C2 S1; f, CM C2 S2. Shortened test sections were used in some cases for scans at 60 and 120 seconds. Dashed lines connect the results from scans of these shortened test sections to the results for the full test section measured at shorter exposure times. Median SNRs of Rb and Zr below the LOQ indicate the unsuitability of the profiles for interpretation at the selected exposure time.
Repeatability of scan results
Profile shape is most consistently reproduced for Ti in the flooding study ( Figure 5 ). Major peaks and troughs are consistently reproduced between scans for K, Rb and ln(Zr/Rb) and to a lesser extent Zr. For Si, X-ray fluorescence intensity increases progressively through the first six scans and similar patterns are also apparent for K and Ti. The greatest increases were observed for the lowest initial intensities. Profile shape is consistently reproduced in the repeat scans in the contamination study for Cu and Zn at Tigroney and for Pb at both sites, with the main features also consistently reproduced for Zn at Knockrath (Figure 6 ), but profile shape for Cu at Knockrath is dominated by noise. Figure 5 . Repeatability of scan measurements in the Core RO C16 S2 test section for Si, K, Ti, Rb, Zr and ln(Zr/Rb) at 40 kV 35 mA and 30 seconds. Test numbers indicate the order in which the scans were performed to demonstrate the effects of progressive changes in the sample on the results for Si, K and Ti. The mean coefficient of variation for the test section is given on the graph for each element. for Zn, 77.7 and 51.0 for Pb at Knockrath scanned at 50kV 30 mA). The short exposure time resulted in a high degree of variability between the counts in adjacent channels within the spectrum which is smoothed out by the model.
Discussion
The value of testing the effects of varying tube voltage, tube current and exposure time on Tables 3 and 4 can be used to estimate the change in SNRs that could be obtained by adjusting instrument parameters for floodplain cores, avoiding the need for a full set of instrument parameter tests for a new site for these target elements. These factors may potentially be applicable to other sediment types but, if not, could be estimated in the manner used in this study for marine and lacustrine samples, for example. The factors in Tables 3 and   4 were calculated using median SNRs but also provide a useful approximation of the changes that result from alteration of instrument parameters for the majority of the SNR distribution.
The 10 th percentile of the distribution, which avoids outliers at the tail of the SNR distribution, could be used to determine whether particular values of tube voltage, current and exposure time are likely to deliver measurements above the LOQ for the majority of the element profile. Although Huang et al. (2016) concluded that increasing Itrax XRF exposure time gives insignificant improvements in accuracy, Figure 4 demonstrates that for elements such as Rb and Zr increasing exposure time can substantially increase the proportion of measurements with SNRs greater than the LOQ.
Suggested heuristics for assessing XRF core scan data quality use threshold values of counts for peak area that are the same for all elements considered (e.g. minimum 500 counts (Brown, 2015) ). To compare the usefulness of such heuristics with the SNR method, regression of modelled results on SNRs was used to estimate the values of the LOD and LOQ for each combination of tube voltage and current ( were conducted in such cases, it may be found that some inferences drawn from the data were less well supported than previously thought or, if based on a single element profile, were not supported at all. Table 5 . Limits of detection (LOD) and quantification (LOQ) in counts for each combination of tube voltage and current estimated in floodplain sediments using regression of modelled results on signal-to-noise ratios. Linear regression was used for each element except K, for which a second order polynomial provided a better fit to the data. Exposure times were 30 seconds for the flooding study and 5 seconds for the floodplain contamination study. The increase in Si, K and Ti intensities in successive scans of the Roundabout Core 16 test section suggests that the sample moisture content may be progressively reduced during the set of scans as a result of sample heating, in spite of the film covering the sediment surface, although it is possible that changes to other components within the sediment are responsible for the increase in element intensities. Fluorescence emitted by the lighter elements, including
Si and K, and also Ti, is absorbed by water within the sediment, reducing element intensities in the XRF spectrum (Tjallingii et al., 2007; Wilhelms-Dick et al., 2012; MacLachlan et al., 2015) . The reduction in the intensity of the fluorescence from these elements as a result of absorption by interstitial water is dependent on sediment water content (Kido et al., 2006) .
The cause of this increase in fluorescence intensity of the lighter elements requires further investigation and, if it is confirmed to be the result of changing water content, a correction for varying moisture content may be required in these cores (see for example Boyle et al., 2015) .
For the elements with the highest SNRs in these floodplain sediments, coefficients of variation are below 5% for a 30 second exposure time, as reported by Jarvis et al. (2015) in their study. In the test sections with the highest concentrations of contaminant Pb or Cu in the Avoca catchment, coefficients of variation below 5% are attained with an exposure time of only 5 seconds. The confidence with which profile shape can be interpreted depends not only on the coefficient of variation but also upon the range of values, rather than the mean value, within the profile. The nature of the profile shape changes that can be interpreted is also affected by these factors: repeat scans of Zr indicate that sustained changes in element intensity, both gradual and abrupt, are consistently replicated between scans while rapidly reversed changes of similar magnitude are not (compare the profile below 200 mm with the section around 185 mm depth for test 9 in Figure 5 ). Repeat measurements of ln(Zr/Rb) in the test section indicate that the centimetre-scale changes in this ratio constitute a signal but the millimetre-scale changes appear to be noise, which may affect interpretation of grain size proxy ratios for producing flood records.
The tests of tube voltage, tube current, exposure time and repeatability reported above have supported identification of the cores in which ln(Zr/Rb) and other geochemical grain size proxies can be used, of which grain size proxy is most suitable in each case and of instrument parameters that will provide good data quality in the flooding study. In the floodplain contamination study, these tests have demonstrated the potential for using the Itrax instrument, with the optimised tube voltage and current, for rapid assessment of downcore variations in contaminant metal concentrations in historically mined catchments. While the values given in Tables 3, 4 and 5 may not necessarily be applicable to sediment from all environments, the methods used in this study could be applied to produce comparable sets of values for lacustrine, marine and other types of sediment analysed using the Itrax core scanner.
Conclusion
SNRs estimated from XRF core scan spectra, and the LOQ, provide an objective method for both assessing instrument parameter suitability for meeting investigation objectives and establishing element profile suitability for reconstructing environmental changes. Selecting instrument parameters, notably X-ray tube voltage, for specific target elements can produce a substantial improvement in SNRs of these element peaks. SNRs should be used in preference to heuristics based on a value of counts for assessing whether scan results can be meaningfully interpreted. Element level variations within the majority of test sections are substantially greater than the variability in the results for individual measurements.
